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DAMAGE RLSISTARNCE OF AR-COVIED GLRMANTUM
SURFACLS [OR NANOGLLCONU CUZ LASER PULSLS®

Brian E. Newnam and Dennis I Gill
los Alamos Scientific L:boratory
Los Alamos, New Mexico 87545

An cvaluation of the state-of-the-art of AR coatings on galllum-doped germanium, used
as a saturshlc absorber at 10.6 um, has been cunducted. Roth ]l-on-1 and N-on-1 laser
damage thresholds were measurcd with 1.2 ns pulses on bare and coated surfaces. (nly front
surfaco damage was observed. With few exceptions, th- thresholds for coated surtaces were

conterecd at 0..19 * 0.3 J/cmz. Bare Ge had a threshold ranping from 0.65 to 0.70 J/cmz. No
significant differonces due to substrute polish, crystallinity or doping level were evident
and multiple-shot conditioning resulted In the same threshold as for single shot tests. From
an snalysis of standing-wave clectric ficlds, damage or AR-coated UL appeared to be limited
by the surfaco properties of Ge. Mcasurcments at both 1.2 and 70 ns indicated that the

throshold (chnz) of both coated and uncoated Ge increases as the square root of the pulse-
width.

Key words: Antireflection coatings, germanium, laser damage, saturable absorber, standing-
vave electric ficld.

1. Introduction

Gallium-doped germanium has been developed for use as a saturable absorber to prevent pre-pulse
gain depletion in the large CO, amplifiers of LASL's eight-bcam fusion laser [1,2]. For use at satu-
rating intensitics for pulses T-nanosecond in duration, the damapge resistance of the AR-coated surfices
must be maximized. Accordingly, a careful cvaluation of the state-of-the-art of AR coatings at 10.0
ym was performed.

Antircflection coatings comprieing fourteen coating designs using eight film materials were ob-
tained from ninc coating manufacturers. Polycrystalline, p-doped Ge substrates polishoed by one vendur
.wero supplied to cach. Substrates polished by a second veador were also supplied for comparisien,
Additionally, single-crystal Ge, p-doped and undoped, and undoped polyerys=talline Ge were ceated Ly ohw
vendor to cvaluate tle effect of crvstal structure and dopina. The dimensions »~7 the test substrates
were 25 mo in diameter wad 6 am thick. Coating depositiens, however, wert porforned in chunbers lar ..
enough to eventually coat amplirier-size Ge dises (d1-cm diameter and 4-c= tnicaness) with surficient
uniformity to obtain a reflectance per surface of less than 1% at 10.v ym and less than 3% from 9 to Il
ym.

2. Experimental Procclure

Laser damage tests were conducted with 1.15 2 0.05 ns pulses (FWIM) at the P(20) 10.6 ym wave-
length. These short pulses were reliably carved out of a smoothed guain-switched pulse by use of a
Pocke] cell arrangenent. The scematic of the laser diagnostics is shown in Ffigure 1. Pulsewidth
measurcments were made with a Molectron pyreelectric detector coupled to a 5 Gliz bandwidth oscilln-
scope of LASL desipgn [3]. For supplemcntary tests with a TU0-ns pulsewidth, a photon-drag detector

was used. Oscillograms of the temporal pulses are shewn in figure 2.

Tho test samples were located prior to the focus of a 1 m F.L. 2nSo lens where the bheam spot-site

radius was 1.0 mm. The peak value of the Irradiancs (J/cmzl at the sample plane was measured on cach
shot by use of a 197-um diameter pinhole (Optimation, Inc.), The pinhole was located in a split-off
ocam and placed at the same distance from an identical ZnSe lens as was the sample. The encrpy trans-
mitted by the pinhole at the center of the reference laser beam was measured by a Laser Precision
Energy Meter (isolated from rf nolsci. Prior to cach test series a calibration was performed with an
identical 197-um pinhole centered at the sample planc. During the damase tests the reproducibility of
the spatial proflle was monitored by cemparine the encrey focnussed throurh the plnhele reference with
the total cncurpy measurced by a Scientech calorime.er. The 197-um diameter of the pinhole was chozen
to minimize the spatial averaping over the heam profile (at the pinhole perimeter the intensity or the
Gaussian profilc dropped to 98% of the pueak valuel while transmitting an adeqaite amount of’ cnergy tr
easy detection. Also, the ratlo of the pinhole diameter to the wavelenith was large cnough to avoeid
signiflcant diffraction erfects. By use of the cquation,

Tal-- m

sin(2ka- —;) .

3/2
. 1(kn)
;Hhrk supported by the U. S. Department of Encrgy.

1 Figurces in brackets indicate the lliterature references at the cmld of this paper.



vhere a = aperture radius [4], the transmittince of the 1Y/ U AIIARSICT (PCTLULE Rud Laavuaitu wu o
99,98%.

Damape was detected visually by the onset of jpereased suiface scattering of a lle-Ne lascer beam
dirccted on the same site (back and front) as the pulsed laser and oy examination under bright white-
light i1lumination using the He-Nc heam as the lacator. After the tests, cxamination of irradiated
areas was also performed with a microscope (300X),

3. Damape Morphology

The characteristics of the laser-damaged sites viewed under 202 and 300 X magnification were very
interesting. Only frent surface damuce was obuerved in these tests. In figure 3, disruption of an
AR-coated (Ge/PbF,/TnSe/Au) surface of p-doped, polycrystalline Ge caused by a single 1-ns pulse above

threshold is examined. The AR-coating has been removed rather uniformly leaving a well-defined peri-
meter, Lincar interfercnce ripples oricented normal to the laser peolarization are grouped around
circular damage pits. Temple and Sor.can have identified these rirples as perturbations in the surface
toptography due to interference of the incident laser electric fic.Z with the time-varying (laser
frequency) induced surfacc charges on surface scratches, voids and inclusions [5]. The dJiameter of the
pits arc mostly 8 to 12 ym and the ripple spacine {s approximutely 5.5 pm which are closc to the laser
wavelength. Damage sites in uncoated Ge (not shown) caused by 1-ns pulses did have faint ripples of
exactly (¢ .2 um) the laser wavelength (10.6 um) spacing.

The morphology of damage caused by 70-ns pulses was very Jdiffcrent from the above as shown in
figure 4. On the coated surface, a random distribution of irrevular sites was related to damage at
defect sites, and extensive cracking of the AR cnating is probahly thermally-caused by delamination.
For bare Ge (fig. 5) the damage sites were all centered on circular pits and very tightly-spaced (1.6
ya) interference fringes parallel to the laser polarization. The cause of these fringes has not been
identificd.

4. Results

The cxperimental results for coated and bare Ge substrates are presented in table 1-3. These
thresholds are for pit formation or film disruption which ocecurred at much lower intensities than a
breakdown plasma. Ouly the mean value of each thresholdis listed :or the coated surfaces sinco the
range, typically = 0.02 or less, was unusually small. The absolutes accuracy is considered to be :

10%. All thresholds listed are for front surfuce damage only as we were unable to damage any rear
surface, coated or uncoated. Further, we observed no difference between thresholds tur l-on-1 and
N-on-] tests, where N-1 shots (10 to 15) were fired below the single-shot threshold betore, irradiating
with a damaging intensity.

To compare the cffects of two different conventional polishin: methods, single-and polycrystalline
substrate material and Ga-doping level (undoped, R = 30 2.em; doped, 3 Q-cm), one coating venlor
deposited a two-layer Tthl:nS Vee-coat on ciach substrate during onc run. As seen in table 1, no sif-

nificant differences in thresholds caused by the two polishing methods werc manifest. This was
surprising sincec Polish A qualified as better than "40-20" (scratch and dig code), and I'olish B was
slightly worse than "40-20". Likewise, no real diflfervnces were nceiasured hetween coated single-crystal
and polycrystal Ge surfaces. Galliun-doping had no effect on coated single-crystal thresholds, and
only a minor 13-15% threshold reduction was measured for Ga-doped polycrystalline Ge.

7able 1. Damage threshold of AR-coated Germanium substrates

Ceating: s/ThF4/ZnS/a

Germanium Energy Density (J/cmz)

Substrate Polish A Polish B
Single Crystal (undoped) 0.47 0.46
Single Crystal (P'-doped) 0.47 0.46
Folycrystal (undoped) ‘ 0.48 0.51 -
Polycrystal (P-doped) 0.41 0.46

The thresholds for fourteen coating designs on P-doped, polycrystalline Ge are listed in table .
Multiple entires represant different samples of the same coating., “he values ranged from 0,41 to 0057

Jltmz and the mean valuos was 0.49 + 0.03 J/cm:. Even the two-layer coating of Can/:uSv had the same

—— = . - - ———— e - - —



hreshold dJdespite the fact that Can has a large absorption cocfficient at 10.6 um.

Table 2. Damapge thresholds of AR-coated Germanium

onc-layer coatings Ge/coating/Air
Vendor Design . " FEnergy Density |
gJ/cmz)____

I ZnS 0.51, 0.46

E : Zns 0.50, 0.47, 0.492
D Ti1 0.46

Two-layer coatings

G Ca62/ZnSc 0.50, 0.48

H PbFZIZnSe 0.49

E ZnSe/"‘hF4 0.48, 0.46

H ThF4IZnSe ) 0.44

A ThF,/2nS 0.46, 0.41

a Extra Ge substrate, undoped, polycrystalline, poor polish

Threc-layer coatings Ge/Coating/Air

| ZnS/Ge/Ins 0.53, 0.50
D. T11/Kcl/T11 0.50
F ThF4/ZnS/ThF4 0.51, 0.18
F ThF4/ZnSe/ThF4 0.50
E . ZnS/ThF4/:nS 0.48, 0.47

Four- and Five-Layer Coatings
c ' ZnS/Ge/2nS/ThF 0.57, 0.55, 0.51
B ThF,/ZnS/ThF /ZnS/THF | 0.47, 0.45

Due to the relative unfiormity of thresholds for coated Ge surfaces, particular attention was paild
‘0 the thresholds or uncoated e presented in tahie 3. The values for three Jdifferent bare surtfuace:
vere all greater than these of coated Ge by about 40%. In addition, it is noted that Ga-doping lowered
:he threshold by . 10%.

Table 3. Darage thresholds of uncoated
polycrystalline Germanium

(Front Surface Only)

Energy Nensity

et
Undoped 0.70 ¢ 0.05

P-doped (Gallium) 0.65 * 0.05
P-doped -|l.\'()3 treated 0.72 ¢ 0.05

The experimental results indicate that the damage threshold of AR coated Ge surfices is 1) inde-
pendent of the desien and materials of the AR coatings and is 21 lower than uncoated Ge,  Furthermore,
damage ocenrred only at the front surface,  These results may be explained by consiidering the clectri
flelds In the Ge, coated and uncoated.  Figure 6 represents the standing-wave electrie ficlds,

normallzed to the incident field Hoo. ia the vicinity of the front surfuce of an AR-coated and uncoated



Ge ‘substrate. Althoupgh, the exact ficld distribution within the AR coating must be calculated tor cach

.2

design, the gradual decrcase of E/E from 1.0 at the air-film interface to 0.25 at the film-Ge

interface is tlic same for any design.

The norualized field in the AR coated substrate is casily calculated using the relation

2
E
E° s

where, for Ge, ng " 4.0 at 10.6 um.

Likewise, the field-squared in the uncoated Ge substrate, is 0.16 in the vicinity of the front
surface as calculated from

E, 2 4
* " 2 : (3
E° (nsH)
Since the power absorbed per cm3 1s given by i
I i
P, = na|/F | 1)

for lincar absorption, damage by this mechanism (or any othetr involving the clectric field) in Ge would
predictably occur at a lower incident laser intensity for an AR coated surface. The ratio of the
fields squared in uncoatecd-to-coated Ge is computed to be 0.64. The ratio of the measured damage
thresholds is 0.7 = 0.1, which is consistent. These results indicate that the damage probably occurred
in the Ge and the Ge/film interface. This, for all but the lowest threshkulds reasured, it is apparent
that the coatings had at lcast as high damage resistance as the substrate itself.

It is Informative to calculate the peack electric field present in the various coating materials at
the threshold of damage of the coated Ge surfaces. These fields, listed in table 4, represent a number
of samples and coating desians. In terms of electric field, it is scen that the same value, 0.2 M'/c¢m,
.existed in the coated and uncoated Ge supstrates at the threshold, again implicating the substrate as
the limiting factor.

Table 4. Peak electric fiecld at damage threshoid
of coated Ge surfaces

. 10.6 um, 1.15 as pulse
Coating Material . Number of Ep e (MV/cm)
S RMS
amples
- |
ZnS 17 ) 0.33 to 0.40 .
ZnSe 7 0.33 to 0.40
T11 2 0.32 to 0.39
'l'hF4 15 0.24 to 0.40
I’bF2 _ 1 : 0.33 .
CaF, 2 0.30 '
KC1 1 0.23
Ge 2 0.22 to 0.26
Ge substrate 26 0.18 to 0.2]
coated
Ge substrate 7 0.18 to 0.19
uncoated '

It is interesting that the Ge films withstood 20 to 25% more clectric field than the substrate.
In most other cases, thin flims are generally less damage-resistant than bulk material. Given a more
damage -resistant substrate than Ge, it is likely that the various coating components could survive cven
higher vlectric ficlds than attalned in these tests.



6. _ Pulscewidth Dependence

A sccond set of tests al a longer pulsewidth, - 70 nx, produced thresholds of 4.2 JICIZ for
2

Phl',/2nSe AR-coated Ge and 6.4 .J/cm” for unceated Ge. The ratio of theae threshelds, 0.66 is still in
confonance with the SK clectrle-field explanation. Although only two pnints arc used in figure 7 to
draw o stralght line, the threshold dependence of hoth coated ond uncoated Ge goes noarly as the square
root of the Ge pulscwidth:

AR-cogted Ge
€y = 0.455 T 0.52 )
Uncoated Go
0.53

':D = 0.67 T " . (6)

Thix scaling relationship is tho somo as that for froc electron ahsorption in metallic surfaces for
for electron plasma absorption initiated by avalsnche breakdown in dielecctrica [6].

7. Discussion

It is a goneral obscrvation that the rear surface of tronsparent diclectric is domaged prior to
the front surfoce, nssuming the surfaces have identical surface propertics and when the laser beam in
not sharply focussed on cither surfuco. For substrates-like plasza, this effect has been clearly dezon-
strated to be duc to the greater standing-wove electric ficld at the rear surface [7]. Figure 8
illustrates the 180" phase reversal of the reflected wave at the front surface and the in-phase
reflected xave at the back surface. The resultant ratio of the total cloctric flelds at the twn sur-

faces is
Eirurt - nfn , (5)

Tho mognltude of this ficld ratio for several dielectrics, transparent at 10.6 1m, ls listed in
table 6. As reported In scction 1, only front surface damage of Ge wis anserved for all aurfaces,
AR-coated or uncouted, polycrystalllne or single-crystal, doped or undoped. This was very surprising
considering tho large ratio, 1.60, for the fields. Even for a thinner (3 mn) subatrate, no rear Jdanage
could be coused. To clarify thls observation, three other substrates, NaGl. CdSe and Cdlv, were
irradiated. 1.e expected carly rear-surface domage was obhserved for NnCl und CdSe, but like e, only
front surfnce damage could be produced on CdTe. This was especially Intriguing since the band gap uf
CdTe and CdSc are nearly the some, -~ 1.6-1.7 oV [8].

a quantity groater than unity.

Table 6. Rear versus front surface damage at 10.6 microns

Substrate Refractive Ratio of Damapo
Index Elsctric Fields First Chscrved
Rear to I'ront
NaCl 1.49 1.20 Rear
CdSo 2.43 1.42 Roar
CdTe 2.69 1.46 Iront
Only

Go 4.0 1.60 Front
; Only



A first order cxamination of this phcﬁbmcnun requires taking Into account the peantle convergence
-of the laser beam at the sample and the lincar absorption of the Ge using the relation for an uncoated
substrate

e I}

ns+l
|

e-=112

Nt l._t

(6)

where 1,2 refer to front and rear surfaces, w is the spot size radius, = i{s the absorption cocfficient
and x is thickness. TFor our experiment Hllw2 « 1.008 aad sample thicknesses were 5.6 mTi For the
p-doped Ge, of resistivity 3 Q. cm, the weak signal absorption was approximatcly 0.6 cm ",
Substituting, we find that Ez was 1.15 times F.l for weak E?tensities and larger for higher sat-
urating intensities. For undoped, AR-coated Ge ( = X 0.005 cm =~ at 10.6 um), E2 was 1.61 times El'
Only in the case of AR-coated, p-doped Ge was E2 less (bctween 0.72 and 1.0) than the El. Howcver,
aticmpts to damage the rcar surface of these samples by incrcasing the incident laser intensity were
unsuccessful.
One promising explanation for the abscnce of rear surface damage was suggested by Phipps [9].
In a darkened room he observed a faint blue surface coronu on the front surface of a Brewster Ge plate
well below the threshold for damage. This corona was distinctly different from a spark associated
with an electron avalanche, and no traces of damage were found. It is possible that this visible light
was emitted dur.ng carrier ;ccnmbination. Further, absorption of this visible light by the Ge could
increase the free carrier density for intrinsic Ge (2 x 1013/cm3 at 300°K) to obtain a sufficiently
absorbing plasma for higher iaser intensities to cause surface damage. Further cxperiments are
obviously needed to examine this possibility.

8. SUMMARY

This study has produced a number of results which are best listcd under threc headings.

5.1 GENERAL

a. The damage thresheld was limited by germanium surface properties.

b. Front surface damage, only, occurred.

c. Pulscwidth dependence [, (J/em') ~1?
$.2 BARE GE

a. The damage throshold at 1.2 ns ranged from 0.65 to 0.70 J/cmz.

b. An IINO3 treatment raised the threshold ~10%.
5.3 AR-COATED GE )

@#. Damage thresholds at 1.2 ns ranged from 0.41 to 0.57 J/cmz. a span of 32%.

. was observed between 1 and 70 ns.

b. Multiple-shot corditioning (N-on-1) produced tho same threshold as singlc shot
tests (l1-on-1).
€. No variation in threshold for 3 different conventional polished on substrates
was obscrved. )
d. No large difference of the threshold between substrstes with varied doping or
crystallinity was observed.
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.Table 6. Participating Optical Corpanics

Germaniunm Substrates:

Eagle-Picher
Coatinps:

Coherent radiation
Design Optics
Exotic Materials, Inc.
Honeywell, Inc.
Optical Coating Laboratory, Inc.
Perkin-Elmer Corporation
Santa Barbara Research
I1I-VI1, Inc.
Valtec Corporation

Polishing:

Design Optics
Optical Systems & Technology, Inc.
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Figure 3a.
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Figure 3b.
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Figure 4b.
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